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ABSTRACT 

The results of a s tudy  o f  t h e  c u r r e n t  l i terature d e a l i n g  wi th  

m u t u a l  impedance e f f e c t s  i n  e l ec t ron ica l ly - scanned  an tenna  a r r a y s  are 

presented.  

Various methods of minimizing t h e  harmful e f f e c t s  of impedance 

v a r i a t i o n  wi th  scan a n g l e  are analyzed.  

F a c t o r s  c o n t r i b u t i n g  t o  t h e  optimum des ign  of a r r a y s  are presented .  
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I .  INTRODUCTION 

. 
8 

When t h e  beam d i r e c t i o n  of a scanned antenna a r r a y  i s  changed by 

va ry ing  t h e  phase and amplitude of t h e  c u r r e n t s  i n  t h e  a r r a y  e lements  

mutua l  coup l ing  o f  t h e  e lements  causes t h e  d r i v i n g - p o i n t  impedances t o  

va ry .  T h i s  may be seen from t h e  l oop  e q u a t i o n s  d e s c r i b i n g  t h e  system, 

+ 'ININ v l = z  I + z  I + Z 1 3 1 3 + .  . . 11 1 1 2  2 

v2 = z 21 I 1 + z2212 + z2313 + . . 
+ '2N'N 

. . . . . . . . . . . . . . . . . . . . . .  
VN = z I + z I + ZN313 + N 1  1 N2 2 . . + Z"IN 

The d r iv ing -po in t  impedance of any e lement ,  e.g.  element 1, i s  t h e  r a t i o  

of a p p l i e d  v o l t a g e  t o  inpu t  c u r r e n t  

( 2 )  

I t  i s  c l e a r  from Eq. (2 )  t h a t  t h e  inpu t  impedance depends on t h e  ampli-  

t ude  and phases of c u r r e n t s  i n  a l l  a r r a y  e l emen t s ,  even though t h e  

m u t u a l  impedances between t h e  e lements  are cons t an t .  

T h i s  mutual coupl ing  between a r r a y  e lements  has  s e v e r a l  undes i red  

e f f e c t s .  Even f o r  non-scanned a r r a y s  t h e  coupl ing  changes t h e  d r i v i n g -  

p o i n t  impedance of each  element from a value c a l c u l a t e d  o r  measured f o r  

t h e  i s o l a t e d  e lement ;  fur thermore  f o r  f i n i t e  a r r a y s  t h e  impedance becomes 

a f u n c t i o n  of element pos i t i on .  

As t h e  a r r a y  i s  scanned t h e  v a r i a t i o n  i n  d r i v i n g  p o i n t  impedances 

may cause  t h e  t r a n s m i t t e r  t o  t r a n s f e r  power t o  t h e  an tenna  less e f f i c i e n t l y  

because  of impedance mismatch, dec reas ing  t h e  system ga in .  I n  a l a r g e  

a r r a y  r e l a t i v e l y  f e w  e lements  are  nea r  a n  edge of t h e  a r r a y  and t h e  inpu t  
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impedances of most of t h e  elements are s u b s t a n t i a l l y  i d e n t i c a l .  Then 

t h e  i d e n t i c a l  v a r i a t i o n  of impedances does not  by i t s e l f  change t h e  

r a d i a t i o n  p a t t e r n .  For smaller a r r a y s ,  however, t h e  in f luence  of e lements  

near  t h e  edge i s  more important ,  and t h e  impedances of t h e s e  e lements  

do no t  change wi th  scan a n g l e  i n  t h e  same way as  for t h e  c e n t e r  e lements .  

Th i s  non-unif orm change i n  input impedances may cause p a t t e r n  d i s t o r t i o n ,  

because of t h e  non-unif orm change i n  e lement  c u r r e n t s .  

Cases have been observed i n  which t h e  r e s i s t i v e  component of t h e  

d r iv ing -po in t  impedance of a n e l e m e n t  nea r  t h e  edge  has  become nega t ive ,  

caus ing  t h i s  e lement  t o  absorb power from the  rest of t h e  array.’  Such 

wide v a r i a t i o n  i n  impedance can of cour se  e a s i l y  cause g e n e r a t o r s  t o  

become u n s t a b l e  u n l e s s  pro tec ted  by i s o l a t o r s .  

T h i s  r e p o r t  w i l l  d i s c u s s  t h e s e  problems i n  more d e t a i l .  The mutual 

impedance e f f e c t s  i n  a r r a y s  of t y p i c a l  e lements  w i l l  be descr ibed  

q u a n t i t a t i v e l y .  F i n a l l y ,  procedures which w i l l  h e l p  t o  l e s s e n  t h e s e  

problems w i l l  be given. 
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11. MUTUAL IMPEDANCE BETWEEN ARRAY ELEMENTS 

The Induced EMF Method 

The EMF method developed by Carter2 has  been t h e  most wide ly  used 

procedure f o r  determining mutual impedance between l i n e a r  a r r a y  elements .  

Using Carson’s  r e c i p r o c i t y  theorem3’ he developed e q u a t i o n s  f o r  t h e  

s e l f  impedance of a n  i s o l a t e d  element and  t h e  mutual impedance between 

p a i r s  of e lements .  5 

L, 

E l l I 1 ( s )  d s  f‘ - -1 
2 I, (0) 

zll - 
I J 

0 

0 

where I (0) i s  t h e  i n p u t  c u r r e n t  t o  antenna 1 

( 3 )  

E 2 1 ( ~ )  12(s) d s  (4) 

1 when antenna 2 i s  f l o a t i n g ,  

El l  i s  t h e  t a n g e n t i a l  f i e l d  induced a t  t h e  s u r f a c e  of an tenna  1 by t h e  

c u r r e n t  i n  an tenna  1 ( n o t  t h e  t o t a l  f i e l d  which i s  of c o u r s e  z e r o  a l o n g  

a p e r f e c t  conductor b u t  o n l y  t h a t  p o r t i o n  caused by t h e  c u r r e n t  f low 

a c t i n g  a s  a n  i n f i n i t e  impedance source) ,  and I ( s )  i s  t h e  c u r r e n t  d i s t r i -  

b u t i o n  a long  t h e  antenna when d r i v e n  by a g e n e r a t o r .  For t h e  mutua: 

impedance e q u a t i o n ,  I (0) i s  aga in  t h e  input  c u r r e n t  t o  antenna 1 when 

an tenna  2 i s  f l o a t i n g .  I (0) i s  t h e  i n p u t  c u r r e n t  t o  antenna 2 (when 

an tenna  1 i s  f l o a t i n g )  which produces t h e  c u r r e n t  I ( s )  i n  antenna 2, and 

E (s)  i s  t h e  f i e l d  induced along antenna 2 ( a t  t h e  s u r f a c e  o f  antenna 2 

when t h e  presence of t h e  conductor of antenna 2 i s  ignored)  by t h e  a c t i o n  

of t h e  c u r r e n t  i n  antenna 1. 

1 

1 

2 

2 

21 

C a l c u l a t i o n s  of mutual impedance between e lec t r ic  d i p o l e  e lements  

are common 2’5’6.  Consider  

two monopole an tennas  above ground wi th  h e i g h t s  H and H. (F ig .  1). The 

A s h o r t  example of t h e  method i s  g iven  h e r e .  

1 2 
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*1 

T Antenna 

I / I 
2 r I 

I 
I 
I 
I 
I 
I 
I 

No. 2 

H2 

Fig. 1. Grounded Monopole Antennas 
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c u r r e n t  i n  antenna 1 w i l l  be  s inuso ida l  i f  t h e  presence  of antenna 2 i s  

ignored,  and v i c e  v e r s a  

I1(s) = 

I ( s )  = 

Ilm s i n  k (H1 - z )  

12m s i n  k (H2 - z )  2 

(5) 

The v e r t i c a l  component of t h e  e l e c t r i c  f i e l d  a t  t h e  p o s i t i o n  of 

antenna 2, produced by c u r r e n t  i n  antenna 1, i s  7 

S u b s t i t u t i n g  (6) i n t o  (4) g ives  

H.. r 7 r  7 

I t  i s  common t o  r e f e r  the  mutual impedance t o  c u r r e n t  an t inodes  by 

set t ing  I1(o)  1 2 ( o )  
Z (ant inode#s)  = Z21 (8) 

21 Ilm '2m 

Doing so and c a r r y i n g  ou t  t h e  i n t e g r a t i o n  f o r  an tennas  of equal  h e i g h t  H 

g i v e  s 

cos(kH)[Si(u2) - Si (v2)  - 2 S i ( v l )  + 2 S i (u l ) ]  

- cos(2kH) [ 2 c i ( u l )  - 2 c i ( u 0 )  + 2 c i ( v l )  - c i ( u 2 )  - c i (v2 ) ]  
2 



6 

I' 

- 2 C i ( u l )  + Ci(v2)  - Ci(u2)] 

where 
u = kd 
0 

u = k ( /d2 + H 2  - H )  1 

X ~- 

S i ( x )  = 7 s i n  u du 
0 

00 

It  i s  obvious t h a t  c a l c u l a t i o n s  of m u t u a l  impedance are no t  s h o r t .  

F o r t u n a t e l y ,  r e s u l t s  a r e  g iven  i n  many p l a c e s  i n  t h e  l i terature  2,5,6,8 

Some of t h e  resul ts  are shown i n  F i g s .  2 and 3 .  

An e x t e n s i o n  of t h i s  method t o  a p e r t u r e  e lements  by f i r s t  o b t a i n i n g  

e q u i v a l e n t  magnetic c u r r e n t  d i s t r i b u t i o n s  f o r  t h e  a p e r t u r e  f i e l d s  i s  

s t r a i g h t f o r w a r d .  I n  f a c t  t h e  results obta ined  f o r  d i p o l e  sou rces  can 

be a p p l i e d  d i r e c t l y  t o  a p e r t u r e s .  

Carter,  Jr. has  extended t h e  induced EMF method t o  t h e  c a l c u l a t i o n  

of s e l f  and m u t u a l  impedances i n  e l e c t r i c  d i p o l e  a r r a y s  d r i v e n  by i n f i n i t e  

impedance g e n e r a t o r s  ( c u r r e n t  sou rces ) .  With t h i s  assumption about  t h e  

g e n e r a t o r  t h e  mutua l  impedance between two e lements  i s  independent of 

t h e  presence  of o t h e r  elements. 

To s i m p l i f y  c a l c u l a t i o n s  Carter cons ide red  t h e  a r r a y  shown i n  F ig .  4. 

The number of columns of d ipo le  e lements  was t aken  a s  f i n i t e  (61) and 

t h e  number of rows i n f i n i t e  ( a r r a y  extended t o  i n f i n i t y  i n  t h e  + z d i r e c t i o n s ) .  - 
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Fig. 2.  Mutual Impedance between Paral le l  Half -Wave Antennas 
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Each column of d i p o l e s  was t r e a t e d  as an i n f i n i t e l y  long w i r e  ( i n s t e a d  

of as  d i s c r e t e  e lements )  wi th  a c u r r e n t  d i s t r i b u t i o n  on it cor responding  

t o  t h e  c u r r e n t  d i s t r i b u t i o n  t h a t  would e x i s t  i f  t h e  d i p o l e s  were 

t r e a t e d  as  d i s c r e t e  e lements .  Th i s  t r ea tmen t  i s  e x a c t  and not  approxi -  

mate, b u t  it has  t h e  advantage t h a t  t h e  f i e l d s  from each w i r e  can be 

found by wave f u n c t i o n s  i n  c i r c u l a r  c y l i n d e r  coord ina te s .  lo 

computational procedure i s  long and complicated,  and only  some of 

Car te r ' s  resul ts  w i l l  be g iven  here .  

The 

I n  t h e  a r r a y  of Fig.  1 the  parameters  chosen were d i p o l e  

l eng th  = A / 2 ,  b = A / 2  (corresponding t o  d i p o l e s  with ends touching) ,  

d = A / 2 ,  r a d i u s  of d i p o l e  element (necessary  f o r  c a l c u l a t i n g  s e l f  

r eac t ance )  = 0.005 A. 

d i p o l e s  were uniform i n  t h e  z d i r e c t i o n  bu t  were t ape red  a c r o s s  t h e  

a p e r t u r e  accord ing  t o  

The c u r r e n t  ampl i tudes  a t  t h e  c e n t e r  of t h e  

Th i s  i s  a symmetric f u n c t i o n  with a peak a t  t h e  c e n t e r  e lement  (element 31) 

and value a t  t h e  edges of about  one - th i rd  t h e  peak va lue .  According t o  

C a r t e r  s ide lobe  lkvels f o r  t h i s  t a p e r  are about  25 db below t h e  main lobe  

maximum. The a r r a y  w a s  backed by a r e f l e c t o r  a t  h/4. 

Two results are clear from Carter ' s  work. The f i r s t  i s  t h a t  d r i v i n g -  

po in t  impedances v a r y  g r e a t l y  accord ing  t o  element p o s i t i o n  i n  t h e  a r r a y .  

The second i s  t h a t  t h e  impedance of an  element  i s  a f u n c t i o n  of t h e  

scan angle .  

F igu re  5 g i v e s  t h e  d r i v i n g  po in t  impedances of e lements  1 ( a t  t h e  

edge of t h e  a r r a y )  through 31 ( a t  t h e  c e n t e r )  f o r  broads ide  scan. The 

impedances do no t  d i f f e r  g rea t ly .  F ig .  6 g i v e s  t h e  impedances of t h e  
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Fig. 5. CrivFng-Peint Impedances of Half -Wave Dipole Array 
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same eleme t s  f o r  an  E-pl  scan a n g l e  of 45". The impedances have 

changed cons iderably  from t h e i r  value a t  b roads ide ,  and now t h e  v a r i a t i o n  

between edge and c e n t e r  e lements  i s  much g r e a t e r .  

F igu res  7 and 8 show t h e  impedance of t h e  c e n t e r  element (element 31) 

as  a f u n c t i o n  of scan  a n g l e s  8 and Q, through a n g l e s  of 45" from broads ide .  

I f  t h e  gene ra to r  f o r  t h e  cen te r  element i s  a l o s s l e s s  c u r r e n t  source  

t h e  change i n  r a d i a t e d  power i s  about  -7.1 db for t h e  E-plane scan  

8 = 45", Q, = go" ,  about  + 1 . 0 7  db f o r  t h e  H-plane scan 8 = go", Q, = 45", 

and about  -9.7 db f o r  t h e  ang le s  8 = 45", Q, = 45". 

F i g u r e  9 i s  a l s o  taken  f rom C a r t e r ' s  paper.  I t  shows t h e  impedance 

per u n i t  l eng th  of t h e  c e n t e r  wire of a g r i d  of 61 w i r e s  w i th  and wi th -  

o u t  a r e f l e c t o r .  C u r r e n t s  are equal  i n  each w i r e .  For an  H-plane scan 

a n g l e  I$ = 0" t h e  change i n  r a d i a t e d  power from t h e  c e n t e r  wire (from 

t h e  broads ide  cond i t ion )  is  -11.5 db wi th  r e f l e c t o r  and +22.4 db 

wi thout  r e f  l e c t o r .  

A word of c a u t i o n  i s  necessary  here .  Car te r ' s  resul ts  app ly  only  

f o r  t h e  elements  s e p a r a t e l y  f e d  by c u r r e n t  sources  and t h e  r a d i a t e d  

power values g iven  above a r e  fo r  such f eeds .  I t  f o l l o w s  then  t h a t  an  

i n c r e a s e  i n  d r iv ing -po in t  r e s i s t a n c e  wi th  scan a n g l e  l e a d s  t o  an  i n c r e a s e  

i n  r a d i a t e d  power. I n  t h e  more common case  of d i p o l e s  fed  by a v o l t a g e  

source  t h i s  would not  n e c e s s a r i l y  be t r u e .  Car te r ' s  resul ts  are 

q u a n t i t a t i v e l y  i n v a l i d  f o r  vo l t age  sources ,  a l though  h i s  work i s  s t i l l  

v a l u a b l e  i n  i n d i c a t i n g  q u a l i t a t i v e l y  t h e  change i n  impedance wi th  a r r a y  

p o s i t i o n  and scan  angle .  C a r t e r  p o i n t s  o u t  t h a t  wi th  h i s  e q u a t i o n s  f o r  

m u t u a l  impedance t h e  dr iv ing-poin t  impedances f o r  any assumed source  

impedances can be found, a l though he warns t h a t  t h i s  would be  a l a r g e  

under tak ing  r e q u i r i n g  t h e  ex tens ive  u s e  of a computer. 
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Allen" has  c a r r i e d  o u t  a computational program f o r  5 x 5 and 

7 x 9 a r r a y s  of halfwave d ipo le s  backed by a r e f l e c t o r  and f e d  by 

g e n e r a t o r s  of f i n i t e  impedance. Each element w a s  assumed t o  be f e d  

independent ly  by a gene ra to r  whose impedance w a s  t he  con juga te  of t h e  

impedance of  t h e  c e n t e r  element o f  t h e  a r r a y .  Equal c u r r e n t s  were 

assumed i n  a l l  e lements  so  t h a t  t h e  a r r a y  would approximate a s e c t i o n  

of an  i n f i n i t e  a r r a y .  Th i s  would of cour se  r e q u i r e  d i f f e r e n t  source  

v o l t a g e s  s i n c e  t h e  d r iv ing -po in t  impedance of a l l  e lements  w a s  not t h e  

same. C l e a r l y ,  on ly  t h e  cen te r  e lements  were p rope r ly  impedance- 

matched, a l though  a l l  elements would have been i f  t h i s  f i n i t e  a r r a y  had 

t r u l y  been a s e c t i o n  of a n  i n f i n i t e  a r r a y .  

A l l e n  found t h e  inpu t  impedance t o  t h e  c e n t e r  element of h i s  a r r a y  

as  a f u n c t i o n  of d i s t a n c e  S of t h e  d i p o l e s  above a ground p lane  and 

element s e p a r a t i o n  f o r  a square-grid a r r a y  (b  = d i n  F ig .  4).  T h i s  

impedance v a r i e d  cons ide rab ly ,  i n d i c a t i n g  t h a t  i npu t  impedance i s  

s e n s i t i v e  t o  v a r i a t i o n s  i n  ground-plane d i s t a n c e  and element s epa ra t ion .  

H e  a l s o  computed t h e  ang le s  8 and 4 ,  f o r  a scanned beam, a t  which 

t h e  r a d i a t i o n  drops  3 db from i t s  v a l u e  a t  broads ide .  Th i s  i s  shown 

i n  F igs .  10  and 11 as  t h e  ang le  measured  from t h e  b roads ide  d i r e c t i o n  i n  

t h e  E-plane f o r  a n  E-plane scan and i n  t h e  H-plane f o r  a n  H-plane scan. 

These cu rves  i n d i c a t e  t h a t  proper cho ices  of element spac ing  and 

r e f l e c t o r  d i s t a n c e  are necessary  t o  a c h i e v e  wide scan ang le s .  For example 

t h e  poor cho ice  of S = 0.375 h and d = 0.8 X would a l l o w  a scan  a n g l e  

of less than  20" from t h e  vertical  i n  t h e  H-plane b e f o r e  t h e  r a d i a t e d  

power dropped 3 db. 

Cause of t h e  format ion  of g r a t i n g  l o b e s  a t  l a r g e  scan  a n g l e s .  I n  f a c t ,  

A l l e n  p o i n t s  t h a t  f o r  spac ing  g r e a t e r  t han  X/2 t h e  a n g l e  cor responding  

Normally d = 0.8 h would n o t  be chosen anyway be- 
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t o  t h e  3 db drop i n  power roughly cor responds  t o  t h e  a n g l e  over  which 

a n  a r r a y  can  be scanned without g r a t i n g  lobe  fo rma t ion ,  g iven  by 

d -  1 - -  
I &max[ A 1 + s i n  (13) 

Kurtz12 has c a r r i e d  o u t  an exper imenta l  s tudy  of t h e  s e l f -  and 

m u t u a l  impedances of d i p o l e  a r r ays .  H e  t a b u l a t e s  t h e s e  measured v a l u e s  

f o r  1 x 10 and 5 x 10 a r r a y s .  H i s  t a b l e s  can be  used f o r  any gene ra to r  

impedances and any  d e s i r e d  c u r r e n t  t a p e r  over t he  a r r a y .  

Mutual Coupling of S l o t s  

E a r l y  important work on t h e  t h e o r y  of  s l o t s  i n  waveguides was done 

by Stevenson. l3 

t o  a r r a y s  of s l o t s .  

H e  computed s l o t  admi t t ances  and i n d i c a t e d  a n  e x t e n s i o n  

Kay and SimmonsllC have extended S tevenson ' s  method 

t o  cons ide r  p a i r s  of s l o t s  i n  a waveguide wi th  m u t u a l  coupl ing .  The 

procedures  of Stevenson and of Kay and Simmons are q u i t e  complex and 

r e q u i r e  e x t e n s i v e  computer programs, so  t h a t  on ly  some of t h e i r  more 

i n t e r e s t i n g  resu l t s  are g iven  here.  Kay and Simmons have c a l c u l a t e d  

a d imens ionless  mutua l  coupling c o e f f i c i e n t  to r e l a t i n g  v o l t a g e s  

a c r o s s  p a i r s  of s l o t s .  Using t h e  c o n f i g u r a t i o n  of F ig .  1 2  and h a l f  

wave s l o t s  t h i s  c o e f f i c i e n t  i s  shown i n  F ig .  13. I n  a c t u a l i t y  t h i s  i s  

on ly  t h e  p o r t i o n  of xo due t o  e x t e r n a l  coupl ing .  

waveguide i n t e r n a l  coup l ing  i s  j u s t  as important a s  e x t e r n a l .  Kay and 

For s l o t s  i n  a 

Simmons g i v e  an. i n t e r n a l  coupling c o e f f i c i e m t  which i s  of t h e  same o rde r  

of magnitude as  t h e  e x t e r n a l  c o e f f i c i e n t ,  bu t  t h i s  i s  n o t  r epea ted  here .  

I t  may be seen  from F i g  13 t h a t  t h e  coupl ing  d e c r e a s e s  w i t h  i n c r e a s i n g  

s l o t  s e p a r a t i o n ,  a s  might be expected. 



21 

X 

/ 
I -  

F i g .  12. Slot Parameters 



22 

4 
a 

0)  
+J 
X w 

E 

0 

1 /8 

Phase / 

\ Magnitude 

3 /8 1 /2 5/8 3 /4 

- 220"- 

-160' - 

- 100" 

T 
-0 

Fig .  13. Eutual Coupling Coeff ic ient  



23 

F i g u r e s  14  and 15  show r a d i a t i o n  p a t t e r n s  from two s l o t s  showing 

t h e  e f f e c t s  of m u t u a l  coupl ing .  I t  i s  obvious t h a t  m u t u a l  coupl ing  i s  

h i g h l y  important i n  de te rmining  t h e  shape of t h e  p a t t e r n .  I n  t h e s e  

f i g u r e s  it i s  t o  be remembered t h a t  i n t e r n a l  coup l ing  p l ays  a n  impor tan t  

p a r t ,  and i f  it w e r e  e l imina ted  (by s e p a r a t e  waveguide f e e d s )  t h e  e f f e c t  

of mutual coupl ing  on t h e  p a t t e r n  would probably be reduced. I t  

appea r s  a g a i n  from t h e s e  p a t t e r n s  t h a t  mutual coup l ing  e f f e c t s  are 

g r e a t e r  f o r  s l o t s  which a re  c l o s e r  t o g e t h e r .  

P e r i o d i c  Treatment of Arrays  

A h igh ly  i n t e r e s t i n g  t rea tment  of a n  i n f i n i t e  s l o t  a r r a y  i s  g iven  

by Edelberg and Ol iner .15  

i n f i n i t e  a r r a y  as  be ing  composed of waveguide c e l l s  a s  shown i n  F ig .  16. 

Each s l o t  i s  f ed  from beneath the  ground p lane  by a waveguide wi th  

dimensions a and b. For broads ide  r a d i a t i o n  t h e  wa l l s  of t h e  "guide" 

They t rea t  t h e  r a d i a t i o n  h a l f  space of an  

i n  f r e e  space a d j a c e n t  t o  t h e  long s l o t  dimensions are e lectr ic  w a l l s  

on which t h e  t a n g e n t i a l  E f i e l d  i s  z e r o ,  and t h e  remaining w a l l s  are 

magnetLC w a l l s  on which t a n g e n t i a l  H i s  zero.  Fo r  a scan  o f f  b roads ide  

t h e  f r e e  space "waveguides" main ta in  t h e i r  shape b u t  t h e  c h a r a c t e r  

of t h e  w a l l s  changes. With t h i s  t r ea tmen t  mutual impedances do n o t  

appea r  e x p l i c i t l y  b u t  are a u t o m a t i c a l l y  t aken  i n t o  account  i n  f i n d i n g  

d r i v i n g - p o i n t  impedances. 

The dominazlt p ropagat ing  mode a t  broads ide  i s  a TEM mode (Note t h a t  

t h i s  mode does n o t  e x i s t  f o r  a phys i ca l  waveguide composed of conductors). 

When t h e  a r r a y  i s  scanned o f f  b roads ide  t h e  dominant mode i s  no longe r  

LXM b u t  becomes a TE 05 a 2.i m d e  f o r  ZSES ir: the t! cr E p l a ~ e s  and -- - 

a mixed mode f o r  a r b i t r a r y  scans. 
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The procedure used  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  and leads t o  

resul ts  f o r  d r i v i n g - p o i n t  admi t tances  which can be e a s i l y  c a l c u l a t e d .  

Some of t h e  r e s u l t i n g  equa t ions  are g iven  h e r e ,  normalized t o  Y ,  t h e  

admi t tance  of t he  f e e d  waveguide. 

For a s i n g l e  s l o t  r a d i a t i n g  i n t o  h a l f  space t h e  conductance i s  

For t h e  same s l o t  i n  an  i n f i n i t e  a r r a y ,  wi th  broads ide  r a d i a t i o n  

and only  dominant mode propagat ion 
2 

- (a ' /a I2 ] (p), = A m COS (n  a'12a) 

Approximately,  f o r  s l o t s  near  resonance 

(15) 

For p r a c t i c a l  a r r a y  dimensions t h e  f eed  waveguides might be packed 

as c l o s e l y  as poss ib l e .  Then t h e  r a t i o  (16) becomes 

showing t h a t  f o r  such an  a r r a y  opera ted  a t  b roads ide ,  t h e  conductance 

of a s l o t  i n  t h e  a r r a y  d i f f e r s  l i t t l e  from t h a t  of t h e  i s o l a t e d  s l o t .  

I f  t h e  e l e c t r i c  w a l l  spacing B i s  maintained less t h a n  A bu t  

magnetic wal l  spac ing  A i s  made g r e a t e r  t han  h h ighe r  o r d e r  modes can 

propagate  i n  t h e  "waveguides" i n  space.  Edelberg and O l i n e r  po in t  o u t  

i n  an  i n t e r e s t i n g  comment t h a t  t h e  appearance of h ighe r  o r d e r  modes 

cor responds  t o  t h e  appearance of g r a t i n g  l o b e s  i n  the  p a t t e r n .  
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If N of t h e s e  h igher  order TE modes propagate ,  t h e  conductance a t  

broads ide  becomes 

l 2  (18) 
2 1 + 2 f [ c o s  r".=a'/A 

( G N ) p  = 3 (A/2) 2 n =  1 1 - (2na'/A) - 
(Gfl) ,S T r A B  1 - 0 . 3 7 4 ( a ' h ) 2 +  0 .130(a1/h)  4 

I n  t h e  same way, i f  A i s  less than  A b u t  B i s  g r e a t e r  than  A h igher  

order  TM modes propagate  and t h e  broads ide  conductance i s  

Of g r e a t e r  i n t e r e s t  than t h e  broads ide  conductance i s  t h a t  f o r  scan  

a n g l e s  8 ( c o l a t i t u d e  a n g l e  measured from t h e  z - a x i s )  and 4 (azimuth 

a n g l e  measured from t h e  x-axis).  For dominant mode propagat ion  o n l y  t h i s  

i s  

2 1 - s i n  e cos  I'L COS e 
s i n  - nb '  s in  e cos  4 h [ s i n  e cos 0 

which can b e  reduced t o  s i m p l e r  forms f o r  E-  and H-plane scanning. 

Edelberg and Ol iner  a l so  derive e q u a t i o n s  f o r  s l o t  susceptance.  

T h e i r  work n e r e  i s  of i n t e r e s t  L i i  that  t h e y  p o i x t  c u t  that an i s o l a t e d  

s l o t  designed f o r  resonance w i l l  no l o n g e r  have z e r o  susceptance when 

piaced Ln dfi array.  'I'hey then scggest t h a t  i f  t h e  s l o t s  are designed f o r  

resonance a t  broads ide  i n  t h e  a r r a y  t h e  susceptance v a l u e  w i l l  change 
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l i t t l e  wi th  scanning,  p a r t i c u l a r l y  i n  t h e  H-plane. T h e i r  e q u a t i o n s  f o r  

susceptance a r e  no t  g iven  h e r e  s i n c e  t h e y  are  f o r  broads ide  only  and do 

n o t  show cbanges wi th  scan angle .  

Edelberg and O l m e r 1 6  use t h e  p e r i o d i c  waveguide approach a l s o  t o  

f i n d  impedances f o r  a n  i n f i n i t e  a r r a y  of halfwave d i p o l e s  above a ground 

plane spaced a t  h/4.  R e s u l t s  a r e  shown i n  F i g s .  1 7  through 20 g i v i n g  

v a r i a t i o n  of  d r i v i n g - p o i n t  impedance and VSWR a s  a f u n c t i o n  of scan  

angle .  I n  determining VSWR the  d i p o l e s  were d e l i b e r a t e l y  designed t o  

have a n e g a t i v e  r e a c t a n c e  of  0.3 Zo (where Zo i s  t h e  impedance of  t h e  

f e e d  l i n e )  a t  broads ide  so t h a t  maximum r e a c t a n c e  v a r i a t i o n  with scan  

a n g l e  i s  kept  small. I n  F i g .  19 t h i s  des ign  i s  n o t  used; t h e  r e a c t a n c e  

a t  broads ide  i s  ze ro .  

Edelberg and O l i n e r  g i v e  t h e  r e l a t i v e l y  s imple e q u a t i o n s  from which 

t h e s e  f i g u r e s  were c a l c u l a t e d ,  b u t  t h e s e  are n o t  repea ted  s i n c e  t h e  

r e s u l t s  are shown g r a p h i c a l l y .  

The b a f f l e s  used by t h e s e  a u t h o r s  and shown on t h e  f i g u r e s  w i l l  be 

d iscussed  i n  a l a te r  s e c t i o n .  

F i g u r e  1 7  i n d i c a t e s  t h a t  d r i v i n g - p o i n t  r e s i s t a n c e  v a r i a t i o n  w i t h  

scan  a n g l e  i s  less f o r  a n  H-plane scan w i t h  r e f l e c t i n g  ground plane t h a n  

i t  i s  f o r  t h e  o t h e r  t h r e e  c o n d i t i o n s  shown. Edelberg and O l i n e r  do n o t  

g i v e  t h e  v a r i a t i o n  of reac tance  w i t h  a n  E-plane scan  f o r  comparison pur- 

poses ,  bu t  F i g .  20 does g i v e  t h e  VSWR f o r  each d i p o l e  a s  a f u n c t i o n  of 

scan a n g l e  f o r  E- and H-plane scans.  F i g s .  1 7  a n d  20 taken  t o g e t h e r  

i n d i c a t e  t h a t  d r i v i n g - p o i n t  r e s i s t a n c e  and VSWR remain more uniform w i t h  

scan  a n g l e  f o r  t h e  H-plane than f o r  t h e  E-plane, and t h i s  would t h e n  be  

t h e  p r e f e r r e d  scanning plane i f  a scan  i n  only  one plane i s  d e s i r e d .  



30 

2.00 

1.80 

1 .60  

1 .40  

1.20 

1 .oo 

.80 

.6@ 

.4@ 

Without Ground 
Plane 

.2c 

. oc 
0" 1 5 "  30" 45"  60" 7 5 "  90" 105" 120" 135" 

Scan Angle 

F ig .  1 7 .  Input Resistance of Dipole Array with end without Ground Plane 



31 

2.00 

1.80 

1 .60  

1 .40  a 

.60 

. 40  

.20 

Without  
Baffles 
W i t h  Baf f l e s  

--- 

.oo 
0" 15" 30" 4 5 "  60" 75" 90" 105" 120" 135' 

Scan Angle 

Fig .  18. E f f e c t s  of Compensating B a f f l e s  on Input 
Resistance of Dipole Array 



3 2  

Scan Angle 

F i g .  19.  Input  Reactance  of Dipole Array 



33 

m 

4.0 

E Plane 
-1 W it hou t 

3 . 5  - 
3 .O 

5 2.5 

/ I 
ni 

2.0, 

1.8 
1.6 

1.4. 

1 .o 
1.2 - 

0" 15" 30" 45 O 60" 75 O 

Scan Angle 

Fig. 20. E f f e c t s  of Compensating Baf f l e s  on VSWR of Dipole Array 



34 

Helical a r r a y  elements  have been s t u d i e d  by S t r a t i o t i  and 

W i 1 k i n s 0 n . l ~  

he l i . ce s  i s  l e s s  t han  between p a r a l l e l  d i p o l e s .  A problem i s  us ing  

h e l i c a l  e lements  which t h e y  do n o t  seem to  have cons idered  w i l l  be  

mentioned i n  a l a t e r  s e c t i o n .  

They p o i n t  o u t  t h a t  t h e  mutual coupl ing between two 
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111. METHODS O F  COMPENSATION 

Proper  Design of Array 

An a p p r o p r i a t e  element choice  i s  t h e  f i r s t  c o n s i d e r a t i o n ,  b u t  

o t h e r  f a c t o r s  g e n e r a l l y  make it d e s i r a b l e  t o  u s e  d i p o l e s  above a 

ground p lane  o r  s l o t s .  

Element shape i s  a f a c t o r .  Edelberg and Ol ine r16  designed d i p o l e  

e lements  t o  have a n e g a t i v e  r eac t ance  a t  b roads ide  i n  t h e  a r r a y .  Then, 

as  r e a c t a n c e  increased  wi th  scan a n g l e ,  t h e  g r e a t e s t  magnitude of 

r e a c t a n c e  remained sma l l e r  than would have been t h e  case i f  z e r o  r e a c t a n c e  

a t  broads ide  had been used .  

Element spac ing  must be considered. A s  a f i r s t  thought  one would 

space t h e  e lements  as  wide ly  a s  p o s s i b l e ,  s i n c e  m u t u a l  coup l ing  between 

a p a i r  of e lements  d e c r e a s e s  wi th  d i s t a n c e .  However, t h e  results of 

Al len”  g iven  i n  F i g s .  10  and 11 i n d i c a t e  t h a t  f o r  d i p o l e s  above a 

ground p lane  wi th  rows and columns e q u a l l y  spaced t h e  scan  a n g l e  a t  

which power drops  3 db  from b r o a d s i d e  i s  g r e a t e r  f o r  smaller spac ings .  

Thus smaller spac ings  g i v e  a g r e a t e r  scan  a n g l e ,  a t  least i n  t h e  range  

of spac ings  (0.5h t o  0.8X) cons idered .  The a n g l e  of s can  a t  which 

power drops  3 db i s  r e l a t i v e l y  i n s e n s i t i v e  t o  ground-plane d i s t a n c e  i n  

t h e  range shown (except  f o r  element spac ing  of 1/21. 

For  scanning i n  one plane one should use t h e  p lane  i n  which power 

l o s s  w i t h  scan a n g l e  i s  smallest. Thus f o r  d i p o l e s  above a ground p lane  

t h e  work of Edelberg and Gl ine r  i n d i c a t e  t h a t  t h e  E-plane is t h e  pro-per 

choice.  

I t  i s  obvious tha t  the system, shnu ld  be des igned  i f  p o s s i b l e  so 

t h a t  l a r g e  scan a n g l e s  a r e  unnecessary. 
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a 

I f  t h e  impedance changes wi th  scan  a n g l e  cause g e n e r a t o r  i n s t a b i l i t y  

they  can be p r o t e c t e d  wi th  c i r c u l a t o r s  o r  i s o l a t o r s .  

L i t t l e  work has  been done t o  v e r i f y  t h e  i n t u i t i v e  n o t i o n  t h a t  mutua l  

coupl ing  e f f e c t s  w i l l  be more severe if a l l  e lements  are  f e d  by one source  

than  would be t r u e  i f  they  were f e d  independently.  Th i s  seems l i k e l y ,  

however, because of uncont ro l led  i n t e r n a l  coupl ings  w i t h i n  t h e  a r r a y .  

For a non-independent feed  system t h e  u s e  of i s o l a t o r s  or c i r c u l a t o r s  

seems h igh ly  d e s i r a b l e .  

Ex te rna l  Compensation 

Edelberg and O l i n e r  d e s c r i b e  a n  ingenious way of dec reas ing  t h e  

16 d r iv ing -po in t  impedance v a r i a t i o n  wi th  scan a n g l e  f o r  d i p o l e  e lements .  

For a n  a r r a y  above a ground plane they  add conducting b a f f l e s  between 

t h e  ends  of t h e  d i p o l e s  a s  shown i n  F ig .  18. Tne h e i g h t  of t h e  b a f f l e s  

was chosen a s  t h e  d i p o l e  h e i g h t  p l u s  approximate ly  h/2n.  A s  might be 

expec ted  t h e  b a f f l e s  do no t  change t h e  a r r a y  behavior  f o r  a n  H-plane 

scan apprec iab ly .  For t h e  E-plane scan ,  however, F ig .  18 shows t h e  

c o n s i d e r a b l e  improvement i n  d r iv ing -po in t  r e s i s t a n z e  brought about  by 

t h e  add i t io r?  of t h e  b a f f l e s .  

i s  now less than  for t h e  H-plane scan. F ig .  20 shows t h e  g r e a t  improve- 

ment i n  VSWR a s  a f u n c t i o n  of scan a n g l e  caused by t h e  a d d i t i o n  of t h e  

b a f f l e s .  

The change of r e s i s t a n c e  wi th  scan a n g l e  

The a d d i t i o n  of conducting b a f f l e s  t o  a n  a r r a y  s t r u c t u r e  i n  an 

e f f o r t  t o  lower mutual impedance between e lements  i s  a n a t u r a l  t hough t ,  

and a s  can be seen e f f e c t s  a g r e a t  improvement i n  impedance v a r i a t i o n .  

Howeve.r, a p a r t  from i n s t a b i l i t y  problems, the w s t  impor tan t  c o n s i d e r a t i o n  

f o r  a scanned a r r a y  i s  r a d i a t e d  power i n  a p a r t i c u l a r  scan  d i r e c t i o n .  

Edelberg and O l i n e r  u n f o r t u n a t e l y  do not  cons ide r  t h i s  most important 
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ques t ion .  

each element more d i r e c t i v e .  Then t h e  a d d i t i o n  of b a f f l e s  does n o t  

so lve  t h e  major problem, and i t  seems l i k e l y  t h a t  r a d i a t e d  power i n  a 

p a r t i c u l a r  s can  d i r e c t i o n  w i l l  n o t  i n c r e a s e  when b a f f l e s  are  added. 

The source  of t r o u b l e  i s  simply changed from impedance mismatch t o  a 

problem of too-grea t  element d i r e c t i v i t y .  I d e a l l y ,  one would l i k e  t o  

have e lements  wi th  n e g l i g i b l y  small coupl ing  by means of t h e  nea r  f i e l d s  

wi thout  s a c r i f i c i n g  t h e  omnidi rec t iona l  p r o p e r t i e s  of t h e  r a d i a t i o n  

f i e l d  of t h e  e lement ,  bu t  i t  is  by no means c e r t a i n  t h a t  such a n  element 

can be found. 

I t  seems probably t h a t  t h e  a d d i t i o n  of b a f f l e s  merely makes 

T h i s  problem of cour se  e x i s t s  w i th  t h e  u s e  of  o t h e r  t y p e s  of 

e lements ,  such a s  t h e  h e l i c e s  d i scussed  p rev ious ly .  l 7  

mutua l  impedance by a change t o  a n o t h e r  t ype  of element i s  n o t  a 

s o l u t i o n  t o  t h e  problems which arise. 

A decrease of 

Compensation by Connecting C i r c u i t s  

A compensation scheme of p o t e n t i a l l y  g r e a t  u t i l i t y  h a s  been proposed 

by Hannan.18 

of t h e  a r r a y  e lements  (which change wi th  scan ang le )  by means of l o s s l e s s  

c i r c u i t s  connec t ing  t h e  element f eed  l i n e s .  T h i s  i n t r o d u c e s  a susceptance  

i n  each f eed  l i n e  which a l s o  changes wi th  scan angle.  Thus a t  least  

p a r t i a l  compensation of impedance v a r i a t i o n  can be provided. 

H e  and h i s  co-workers match t h e  d r iv ing -po in t  impedances 

The matching network f o r  a p a r t  of t h e  a r r a y  i s  shown i n  F i g .  21  (a)  

and a n  e q u i v a l e n t  network i n  P i g .  2i (b )  which g i v e s  a susceptance  f o r  

each feed  l i n e  which v a r i e s  with g e n e r a t o r  phasing. I n  t h e  a c t u a l  network 
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The e q u i v a l e n t  admi t tance  f o r  t h e  c e n t e r  fee.d l i n e  i s  

But  wi th  cons tan t  phase d i f f e r e n c e s  f o r  t h e  a p p l i e d  v o l t a g e  and equal  

v o l t a g e  ampli tudes 

S u b s t i t u t i o n  of (23)  i n t o  ( 2 2 )  y i e l d s  

Thus it i s  seen  t h a t  t h e  connect ing c i r c u i t s  in t roduce  a n  e q u i v a l e n t  

susceptance i n t o  each f e e d  l i n e  which varies wi th  g e n e r a t o r  phasing. 

could n o t  of course  be expected t h a t  t h i s  v a r i a b l e  susceptance  p l u s  any 

f i x e d  susceptance i n  t h e  f e e d  l i n e  would v a r y  i n  a manner t h a t  would 

a l i o w  it t o  cance l  e x a c t l y  t h e  changes i n  antenna susceptance w i t h  

g e n e r a t o r  phasing,  b u t  one would c e r t a i n l y  f e e l  by proper choice  of 

magnitude and s i g n  ( induct ive  o r  c a p a c i t i v e )  of B t h a t  antenna impedance 

changes w i t h  scan a n g l e  could b e  compensated t o  some degree.  

b e l i e f  i s  shown by Hannan t o  be j u s t i f i e d .  

I t  

T h i s  

Hannan d e s c r i b e s  t h e  compensation procedure q u a n t i t a t i v e l y  f o r  a 

p lanar  a r r a y  of  d i p o l e s  whose impedance a s  a f u n c t i o n  of scan  a n g l e  w a s  

c a l c u l a t e d  by Allen .  

feed  l i n e s  f o r  e lements  i n  the  E-plane of  t h e  a r r a y  and i n d u c t o r s  between 

f e e d  l i n e s  of elzmcnts i n  t h e  H-plane. F o r t u n a t e l y  E-plane compensation 

does n o t  a f f e c t  t h e  H-plane scan,  and vice versa. 

s a t i o n  i s  made much s impler  by t h e  f a c t  t h a t  a d d i t i o n  of t h e  compensating 

Capac i tors  were placed between a d j a c e n t  

I n  a d d i t i o n  compen- 

I -  

t 
! 
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e lements  does no t  change t h e  impedance a t  b roads ide ,  from Eq. (24)  g i v i n g  

B = O a t & = O .  
eq 

The matching process  u s e d  by Ilannan i s  no t  e n t i r e l y  s t r a i g h t f o r w a r d .  

He  does no t  f o r  example g i v e  a n  e x p l i c i t  e q u a t i o n  f o r  f i n d i n g  t h e  

c a p a c i t i v e  susceptances  (B = +0.27, normalized t o  feed  l i n e )  connec t ing  

t h e  E-plane f e e d  l i n e s  and t h e  i n d u c t i v e  suscep tances  (B = - 0.26) 

connec t ing  t h e  H-plane l i n e s .  This  would become s t r a i g h t f o r w a r d  i f  it 

w e r e  d e s i r e d  t o  match on ly  f o r  E-plane and H-plane scans ,  b u t  Hannan 

E 

H 

matches a l s o  f o r  a d iagonal  (D) scan. 

The matching network (showing e q u i v a l e n t  susceptances  as  g iven  by 

E q .  24 f o r  t h e  connec t ing  e lements )  and t h e  impedances r e s u l t i n g  from 

each  matching s t e p  are g iven  i n  F i g .  22. The matching network a d j a c e n t  

t o  the  ba lun  i s  f o r  t h e  purpose of c e n t e r i n g  t h e  impedances f o r  t h e  

v a r i o u s  scan d i r e c t i o n s  on the  r e f l e c t i o n  c h a r t .  ( A l t e r n a t i v e l y  it 

could be used t o  g i v e  z e r o  VSWR a t  a scan a n g l e  of O".) 

Hannan d e s i r e d  i n  t h i s  matching t o  minimize t h e  VSWR f o r  scan a n g l e s  

of 60" i n  E-, H - ,  and Ij-planes, o r  roughly i n  a cone of 120". 

VSWR a f t e r  t h e  f i r s t  matching network i s  added i s  14  db  f o r  60" 

The a d d i t i o n  of La merely scar! i n  both  E- and F-planes,  F ig .  22(b).  

r o t a t e s  t h e  impedances so  t h a t  they  are placed i n  a f a v o r a b l e  p o s i t i o n  

f o r  t h e  a d d i t i o n  of admi t tance  BeqE. 

reversed  from some Smith c h a r t  forms) .  

added. Th i s  has  v a l u e  f o r  a 60" scan a n g l e  of 

(Note t h a t  Hannan's c h a r t  i s  

I n  F i g .  22(d) ,  BeqE has  been 

Note t h a t  i t  does no t  a f f e c t  the H-plane impedance. 
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Fig .  22.  Matching Networks and Results of Impedance Matching 
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The impedance l o c i  are aga in  r o t a t e d  by a l e n g t h  o f  l i n e ,  Lb, and 

B i s  added g i v i n g  t h e  impedances shown i n  F i g .  22(e) .  F i n a l l y  L, 

and a f i x e d  susceptance Ba are added t o  c e n t e r  t h e  t h r e e  impedance 

l o c i  on t h e  c h a r t .  The f i n a l  r e s u l t  i s  given by Fig .  22(g). 

e l H  

With only  t!-.e matching given by t h e  series r e a c t a n c e  and t ransformer  

a d j a c e n t  t o t h e  d i p o l e ,  V,swR for E- and H-plane scans  of 60' i s  14 db, 

g i v i n g  a power l o s s  due t o  r e f l e c t i o n s  of 2.6 db. 

t h e  corresponding VSWEl and r e f l e c t i o n  l o s s  a r e  4 .5  db and 0.3 db. 

A f t e r  complete matching 

Since no changes a re  made e x t e r n a l  t o  t h e  a r r a y  t h e  decreased  

r e f l e c t i o n  l o s s  appears  e n t i r e l y  i n  r a d i a t e d  power i n  t h e  d e s i r e d  scan 

d i r e c t i o n .  T h i s  d i f f e r s  from t h e  procedure of improving VSWR by p l a c i n g  

b a f f l e s  around t h e  a r r a y  elements f o r  which it was poin ted  o u t  prev ious ly  

t h a t  t h e  VSWR improvement might n o t  result  i n  increased  power i n  t h e  

scan d i r e c t i o n  because of changed d i r e c t i o n a l  p r o p e r t i e s  of  each  antenna 

element.  

Hannan p o i n t s  o u t  t h a t  the connec t ing  susceptances  can be r e a l i z e d  

i n  many ways, by lumped elements  as i n d i c a t e d  f o r  t h i s  unbalanced l i n e  

f e e d ,  by l e n g t h s  of l i n e  between t h e  feed  l i n e s ,  or by s l o t s  between 

a d j a c e n t  waveguides i n  a c l o s e l y  packed waveguide f e e d  system. Imple- 

menta t ion  i n  a s t r i p  t ransmiss ion  l i n e  feed  a l s o  seems q u i t e  f e a s i b l e .  

Hannan c o n s i d e r s  matching a t  one frequency only.  I t  i s  probable  

t h a t  t h e  a d d i t i o n  of t h e  matching c i r c u i t r y  w i l l  narrow t h e  frequency 

bandwidth of t h e  system. Matching for both  a wide scan a n g l e  and over  

a wide bandwidth i s  i n  a l l  l i k e l i h o o d  a n  extremely d i f f i c u l t  problem. 

This  impedance-matching method r e q u i r e s  a knowledge of t h e  input  

impedance o f  each element ,  p r i o r  t o  t h e  matching, a t  b roads ide  and a s  

a f u n c t i o n  of s c a n  a n g l e  ( o f t e n  a knowledge a t  t h e  maximum d e s i r e d  scan 
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a n g l e  would be  s u f f i c i e n t ) .  I f  t h i s  impedance cannot  be  c a l c u l a t e d  w i t h  

s u f f i c i e n t  accuracy  be fo re  t h e  a r r a y  i s  c o n s t r u c t e d ,  it must be measured. 

Then t h e  technique  becomes e s s e n t i a l l y  c o r r e c t i v e  i n  n a t u r e  and t h u s  

more d i f f i c u l t  t o  app ly  t o  a n  a l ready-cons t ruc ted  system. 
, 

I n  e i t h e r  c a s e ,  however, it appea r s  t o  o f f e r  perhaps t h e  b e s t  method 

a v a i l a b l e  for improving scanned-array performance. 
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I V .  CONCLUSIONS 

T h i s  s tudy  h a s  shown t h a t  mutual coupl ing  between e l emen t s  of a n  

a r r a y  causes  t h e  input  impedance of a n  element t o  d i f f e r  from i t s  v a l u e  

i f  it were i s o l a t e d ,  makes t h e  impedance of an  element nea r  t h e  edge 

d i f f e r e n t  from t h a t  of a n  i n t e r i o r  e lement ,  and makes t h e  impedance of 

a l l  e lements  a f u n c t i o n  of t h e  a r r a y  scan angle .  The impedance changes 

cause t h e  element and g e n e r a t o r  t o  be mismatched a t  some scan  a n g l e s  

and t h u s  lend  t o  a l o s s  i n  r a d i a t e d  power. For a r r a y s  i n  which t h e  

c o n t r i b u t i o n  of e lements  n e a r  t h e  edge i s  s i g n i f i c a n t  t h e  d i f f e r e n t  

impedance f o r  edge and c e n t e r  e lements ,  and t h e i r  d i f f e r e n t  rate of 

change wi th  scan  a n g l e ,  w i l l  a l t e r  t h e  r e l a t i v e  ampl i tudes  and phases 

of t h e  a r r a y  c u r r e n t s  from t h e i r  c a l c u l a t e d  v a l u e s  assuming t h a t  they  

are fed  by g e n e r a t o r s  whose phases are v a r i e d  t o  produce scanning. Th i s  

g i v e s  d i s t o r t i o n  of t h e  r a d i a t i o n  p a t t e r n s  and causes  e r r o r s  i n  t h e  

beam-pointing d i r e c t i o n .  

Var ious  methods of overcoming t h i s  problem a r e  d i scussed  i n  t h e  

r e p o r t .  Proper des ign  of t h e  a r r a y  i s  t h e  f i r s t  f a c t o r .  T h i s  r e q u i r e s  

a t t e n t i o n  t o  element t ype ,  s i z e ,  and spacing. I t  may be d e s i r a b l e  t o  

des ign  e lements  w i t h  a r eac t ance  a t  b roads ide  o p p o s i t e  i n  s i g n  t o  t h e  

change i n  r e a c t a n c e  wi th  scan angle .  Equat ions  and cu rves  are g iven  i n  

t h i s  r e p o r t  from which r eac t ance  changes f o r  some t y p e s  of a r r a y s  can be 

found. I n t u i t i v e l y  one would d e s i g n  a r r a y s  wi th  w i d e  element spac ing  

t o  dec rease  m u t u a l  coupl ing  e f f e c t s ,  and t n i s  i s  probably t h e  c o r r e c t  

procedure f o r  spac ings  up  t o  h / 2 ,  b u t  it was shown i n  t h i s  r e p o r t  t h a t  

a n  i n c r e a s e  i n  spac ing  beyond t h a t  p o i n t  xi?? result i n  poorer scanning 

performance f o r  some a r r a y s .  
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Exte rna l  ad jus tments ,  such a s  p l ac ing  b a f f l e s  between a r r a y  e lements ,  

may be made t o  improve VSWR changes wi th  scan ang le ,  % u t  it i s  p o s s i b l e  

t h a t  t h i s  does no t  i n c r e a s e  radiated power i n  a d e s i r e d  scan d i r e c t i o n .  

A method of i n t e r n a l  coupling t o  compensate f o r  t h e  e x t e r n a l  coupl ing  

problem w a s  d i scussed  i n  t h i s  r e p o r t .  I t  a p p e a r s  t o  o f f e r  perhaps t h e  

b e s t  s o l u t i o n  t o  the  problem of mutua l  impedance e f f e c t s  on t h e  pe r fo r -  

mance of scanned a r r a y s .  

The publ ished work dea l ing  w i t h  t h e  mutual impedance problem i s  

n o t  ex tens ive .  Mutua l  impedances between a r r a y  e lements  have been 

c a l c u l a t e d  f o r  on ly  a very few t y p e s  of e lements ,  and even then  n o t  

v e r y  e x t e n s i v e l y  f o r  d i f f e r e n t  e lement  s i z e s ,  spac ings ,  etc. Major 

problems, such as t h e  e f f e c t  of e x t e r n a l  b a f f l e s  on r a d i a t i o n  ( r a t h e r  

t han  VSWZ), have not  been s tud ied .  Wide frequency band compensation 

does n o t  s e e m  t o  have been considered by anyone. 

few of t h e  problems remaining t o  be  s tud ied  i n  t h i s  h i g h l y  important  

area. 

These are on ly  a 
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